1. Introduction {#sec1}
===============

Since their first observation in 1991 by Iijima \[[@B1]\], carbon nanotubes (CNTs) have drawn enormous attention of both experimentalists and theoreticians. Single-walled carbon nanotubes (SWCNTs) have become a standard material in nanotechnology due to their exceptional physical properties. In order to unlock the potential of applications of these nanomaterials in the field of energy, many doping processes are considered (intercalation and substitution for example) \[[@B2]--[@B7]\]. The properties of SWCNTs are mainly dependent on the tubular diameter and chirality which make their synthesis for the specific purposes difficult. They can also be either metallic or semiconducting \[[@B8]\]. A modification of SWCNTs properties, by controlling placing heteroatoms, leads to enormous technological implications which justify the number of experimental and theoretical investigations focused on this topic. Thus, the electronic properties of SWCNTs can be modified by manipulating the Fermi level, which can be done by chemical doping.

It was experimentally and theoretically found that the introduction of heteroatoms such as boron or nitrogen into SWCNTs can efficiently tailor their structural and electronic properties \[[@B7], [@B9]--[@B15]\], which might lead to a wider range of applications \[[@B16]--[@B18]\]. Recently, the nanotubes are produced by in situ nitrogen substitutional doping, and they are used singularly or in multiples, for example, in molecular electronics, power transmission cables, batteries, solar cells, probes and manipulators, and composites \[[@B19], [@B20]\].

Heteroatom-doped carbon nanomaterials have attracted significant attention as anode materials for sodium-ion batteries \[[@B20], [@B21]\], SWCNTs and nitrogen-doped SWCNTs as emergent nanomaterials for many applications can be synthesized by different techniques, such as laser ablation, arc-discharge, chemical vapor deposition (CVD), and spray pyrolysis. CVD method can be categorized into thermal-assisted \[[@B22]--[@B24]\] and plasma-assisted \[[@B25]\] processes. The growth of carbon materials by plasma CVD tends to have an individually and vertically free-standing due to the strong electric fields in plasma sheaths \[[@B25], [@B26]\].

Recently, great attention has been devoted to the study of nitrogen-doped carbon nanotubes also because of their excellent electrical conductivity and electrocatalytic activity for oxygen reduction reaction \[[@B22], [@B23], [@B27]--[@B35]\]. Several studies have been experimentally carried out on the synthesis of CNTs and nitrogen-doped carbon nanotubes \[[@B36]\] by using different precursors such as caffeine \[[@B37]\], melamine, and nickel acetate \[[@B38]\]. Thus, benchmark theoretical Raman spectra of *N*-doped SWCNTs (*N*-SWCNTs) as a function of their structural parameters (diameter, chirality, and atom *N*% concentration) are important to understand experimental data \[[@B3], [@B39]\].

Raman spectroscopy is the most used method by experimentalists to identify the type of nanotubes and to study their vibrational and electronic properties \[[@B36], [@B40], [@B41]\]. The Raman spectrum of SWCNT is dominated by *A*1 g radial breathing modes (RBM) below 500 cm^−1^, and by tangential modes (TM) in the high-frequency region (1400--1600 cm^−1^) \[[@B39], [@B41]\]. The latter consist of two *A*, two *E*1, and two *E*2 phonon modes for chiral nanotubes, and one *A*1 g, one *E*1 g, and one *E*2 g mode for achiral (armchair and zigzag) nanotubes. It was found that the RBM frequency closely depends on the diameter of the tubes, regardless of their chirality \[[@B42]\]. The TM shape, however, depends strongly on whether the tube is metallic or semiconducting \[[@B43]\].

Calculated Raman spectra of *N*-doped SWCNTs can be useful to estimate the effect of diameter and doping level of nanotubes by analysis of the frequency shift and scattering intensity of Raman spectra modes. Vibrational and electronic properties of those nanomaterials have been calculated by different approaches: ab initio calculations \[[@B44], [@B45]\], density functional theory \[[@B9], [@B46]\], and tight-binding approach \[[@B47], [@B48]\]. Recent research revealed that N-SWCNT shows improvement for energy storage applications \[[@B49], [@B50]\]. Other results indicated that the nitrogen-doped bamboo-like carbon nanotubes encapsulated with nickel nanoparticles can show emerging functionalities for environmental remediation processes \[[@B51]\].

In this paper, we report calculated polarized Raman spectra of N-SWCNTs as a function of their diameter and chirality. We also address the important question of the effect of the N-doping concentration, and we propose an equation derived for our calculations to estimate the doping concentration from Raman measurements. For these purposes, we optimized a force-field model derived from the Saito potential to build the dynamical matrix, and the Raman susceptibility of modes was calculated using the bond polarizability mode. Because we interested in systems which are large and have low symmetry, we used the spectral moment\'s method \[[@B52]\] to avoid diagonalization of the dynamical matrix.

2. Models and Method {#sec2}
====================

The SWCNT structure can be uniquely specified by the pair of integers *n* and *m*. The chiral angle, *θ*, is defined as the angle between the chiral vector, $\overset{\longrightarrow}{C_{h}}$, and the zigzag direction (*θ*=0). For an ideal tube, the radius *R*, translation vector *T*, and chiral angle are given by the following relations: $R = {{a\sqrt{3\left( {n^{2} + m^{2} + nm} \right)}}/{2\pi}}$, $T = 2\sqrt{3\pi}\left( {R/d} \right)$, and $\theta = \arctan\left( \sqrt{3m/m + 2n} \right)$, where *a* is the lattice constant of 2*D* graphene sheet and *d* is the greatest common divisor of 2*n*+*m* and 2*m*+*n*. The number of hexagons, *N*, contained within the 1*D* unit cell of a nanotube is determined by *N*=2(*m*^2^+*n*^2^+*nm*)/*d*.

Nitrogen-doped SWCNTs (N-SWCNTs) have been built substituting randomly carbon atoms inside SWCNT by nitrogen atoms. We fixed in the random sampling a condition to have a *N*-*N* distance greater than 0.48 nm. A schematic representation of the generated structure of *N*-SWCNTs is shown in [Figure 1](#fig1){ref-type="fig"}. The doping concentration, *τ*, is defined by the nitrogen atomic percent (%) which gives the percentage of nitrogen atom relative to the total number of atoms in the tube.

The force constant model of Saito \[[@B42]\] is a force-field model well known inside the nanotube community. This model consists in the direct parametrization of the diagonal real-space force constants including up to fourth nearest-neighbor interactions. This leads to a set of 12 adjustable parameters which are presently known only for carbon atoms and gives excellent predictions on the phonon frequencies in SWCNTs. In the case of *N*-SWCNTs, we chose this force field model to compute the dynamical matrix (leading to the frequency of the Raman modes). The *C*-*N* interactions have been parametrized by fitting the phonon modes in the (5, 5) *N*-SWCNT with 5% nitrogen dopants calculated by density functional theory (DFT) \[[@B53]\]. DFT calculations on the (5, 5) *N*-SWCNT with 5% nitrogen dopants have been performed using the SIESTA package \[[@B54]\] and the local density approximation to the exchange correlation functional as proposed by Ceperley and Alder \[[@B55]\]. The valence electrons were described by a double-zeta singly polarized basis set. The localization of the basis is controlled by an energy shift of 50 meV. Real space integration is performed on a regular grid corresponding to a plane-wave cutoff around 350 Ry. 31 *k*-points along the nanotube axis have been used. Atomic positions were relaxed using a conjugate gradient until the maximum residual atomic force was smaller than 0.02 eV/Å. The vacuum size was fixed to 11 Å. Zone-center phonons were calculated within the harmonic approximation by finite difference of the Hellmann--Feynman forces with an atomic displacement of 0.03 Å. Positive and negative displacements are used to minimize anharmonic effects.

The *C*-*C* interactions have been fixed to the initial values given by Saito at the beginning of the fit \[[@B42]\]. The 24 optimized force constants used in the calculation of the dynamical matrix in *N*-SWCNTs are listed in [Table 1](#tab1){ref-type="table"}. Note that, in the chosen geometry of *N*-SWCNTs, the interatomic *N*-*N* distance exceeds 0.48 nm, and consequently, the *N*-*N* interactions are neglected in our calculations.

The nonresonant Raman scattering spectra have been calculated within the framework of the bond polarizability model \[[@B56]\]. In this case, the polarization is only modulated by the nearest-neighbor bonds, and the components of the induced polarizability tensor $\widetilde{\pi}$ are given by the empirical equation \[[@B57], [@B58]\]:$$\begin{matrix}
{\pi_{\alpha\beta}\left( r \right) = \frac{1}{3}\left( {\alpha_{l} + 2\alpha_{p}} \right)\delta_{\alpha\beta} + \left( {\alpha_{l} - \alpha_{p}} \right)\left( {{\hat{r}}_{\alpha}{\hat{r}}_{\beta} - \frac{1}{3}\delta_{\alpha\beta}} \right),} \\
\end{matrix}$$where *α* and *β* relate to the Cartesian components (*x*, *y*, *z*) and $\overset{\longrightarrow}{\hat{r}}$ is the unit vector along the vector $\overset{\longrightarrow}{r}$ connecting atom *n* and atom *m* which are covalently bonded. The parameters *α*~*l*~ and *α*~*p*~ correspond to the longitudinal and perpendicular bond polarizability, respectively. Within this approach, one can assume that the bond polarizability parameters are functions of the bond lengths *r* only.

The coefficients *π*~*αβ*,*γ*~^*n*^ connect the polarization fluctuations to the atomic motions, and they are obtained by expanding the polarizability tensor *π*^*n*^ in terms of the *n*^th^ atomic displacements. The derivatives *π*~*αβ*,*γ*~^*n*^ are given by$$\begin{matrix}
{\pi_{\alpha\beta,\gamma}^{n} = {\sum\limits_{m}{\frac{1}{3}\left( {2\alpha_{p}^{\prime} + \alpha_{l}^{\prime}} \right)\delta_{\alpha\beta}{\hat{r}}_{\gamma} + \left( {\alpha_{l}^{\prime} - \alpha_{p}^{\prime}} \right)\left( {{\hat{r}}_{\alpha}{\hat{r}}_{\beta} - \frac{1}{3}\delta_{\alpha\beta}} \right){\hat{r}}_{\gamma} + \frac{\left( {\alpha_{l} - \alpha_{p}} \right)}{r}\left( {\delta_{\alpha\gamma}{\hat{r}}_{\beta} + \delta_{\beta\gamma}{\hat{r}}_{\alpha} - 2{\hat{r}}_{\alpha}{\hat{r}}_{\beta}{\hat{r}}_{\gamma}} \right)}},} \\
\end{matrix}$$where *α*′=(∂*α*/∂*r*)\|~*r*=*r*~0~~ and *r*~0~ is the equilibrium bond distance. Thus, the bond polarizability (BP) model of *N*-CNT nanotubes is completely defined by three parameters: $\overline{\alpha} = 2\alpha_{p}^{\prime} + \alpha_{l}^{\prime}$ , $\overline{\beta} = \alpha_{l}^{\prime} - \alpha_{p}^{\prime}$, and $\overline{\gamma} = {\left( {\alpha_{l} - \alpha_{p}} \right)/r}$ for each type of bond (*C*-*N* and *C*-*C*).

These BP parameters are usually fitted to reproduce the experimental Raman spectrum. However, they have been determined in our work from density functional perturbation theory on the *h* − *CN* sheet following the procedure described in Ref. \[[@B59]\]. The obtained values are listed in [Table 2](#tab2){ref-type="table"}. Here, we suppose the transferability of the BP parameters obtained for the *h* − *CN* to predict the Raman spectra of nitrogen-doped single-wall carbon nanotubes.

When the system contains a large number of atoms, as for long tubes of finite length, $\widetilde{D}$ is very large, and its diagonalization fails or requires long computational time. By contrast, the spectral moment\'s method (SMM) allows to compute directly the Raman spectra of very large harmonic systems without any diagonalization of $\widetilde{D}$. In this case, the frequencies of the Raman bands are directly known from the position of bands in the calculated spectra. Of course, both approaches lead exactly to the same band positions and relative intensities for small samples.

The SMM consists of developing the resolvent *R*(*z*) associated with the response function into a continued fraction \[[@B52], [@B60]\]:$$\begin{matrix}
{J\left( u \right) = - \frac{1}{\pi}\lim\limits_{\varepsilon\longrightarrow 0^{+}}{Im}\left\lbrack {R\left( z \right)} \right\rbrack,} \\
\end{matrix}$$where *z* = *u* + *iε* and$$\begin{matrix}
{R\left( z \right) = \frac{b_{0}}{z - a_{1} - \left( {b_{1}/z - a_{2} - \quad \vdots} \right)}.} \\
\end{matrix}$$

The coefficients *a*~*n*~ and *b*~*n*~ are given by$$\begin{matrix}
{a_{n + 1} = \frac{{\overline{\nu}}_{n}}{\nu_{n}},b_{n} = \frac{\nu_{n}}{\nu_{n - 1}}.} \\
\end{matrix}$$

The spectral generalized moments *ν*~*n*~ and ${\overline{\nu}}_{n}$ of *J*(*u*) are directly obtained from $\widetilde{D}$. Each element of $\widetilde{D}$ is given by$$\begin{matrix}
{D_{\alpha\beta}\left( {\kappa,\kappa^{\prime}} \right) = \frac{1}{\sqrt{m_{\kappa}m_{\kappa^{\prime}}}}\phi_{\alpha\beta}\left( {\kappa,\kappa^{\prime}} \right),} \\
\end{matrix}$$where *ϕ*~*αβ*~(*κ*, *κ*′) is the interatomic force constant matrix between atoms *κ* and *κ*′.

3. Results and Discussion {#sec3}
=========================

In this section, we report the polarized Raman spectra calculated for isolated *N*-SWCNTs of different diameters using SMM. The polarized Raman spectroscopy experiments on aligned SWNTs show a simple intensity dependence of the signal: both the RBM and TM intensities peak at a maximum when the light is polarized along the tube axis and are significantly reduced when the light (either incident or scattered) is polarized perpendicular to the tube axis. Previously, we have calculated the polarized nonresonant Raman spectra of SWCNTs of different lengths \[[@B39]\]. The calculation of the polarized XY spectrum is useful for the interpretation of the experimental results since it makes it possible to determine the symmetries of the modes.

In our working method, the frequency of modes is directly obtained from the peak position in the calculated spectrum. The line shape is assumed in our calculation to be Lorentzian, and the line width is fixed at 1.7 cm^−1^. In all our calculations, the *Z*-direction is considered as the nanotube axis direction. We mainly discuss the *ZZ*-polarized Raman spectra for which the polarization direction of the incident and scattered light are along the *Z*-direction.

3.1. Polarized Raman Spectra of *N*-SWCNT Inifinite Crystals {#sec3.1}
------------------------------------------------------------

We have calculated the polarized Raman spectra of an armchair *N*-doped (10, 10) as a function of nitrogen doping (1--8%). Results are reported in [Figure 2](#fig2){ref-type="fig"} and compared with the Raman spectra of an undoped (10, 10) SWCNT for the *ZX*, *YX*, and *ZZ*-polarization. We observe that these spectra can be divided into three frequency regions: (i) a low-frequency region below 500 cm^−1^ where the breathing mode dominates, (ii) an intermediate-frequency region between 500 and 1500 cm^−1^, and (iii) a high-frequency region above 1500 cm^−1^ where the tangential modes are located. The intensities of the different polarized spectra have been normalized and can be compared. The atomic motions (eigen displacement vectors) of the main Raman lines in the (10, 10) *N*-SWCNT with 6% *N* are displayed in [Figure 3](#fig3){ref-type="fig"}. For the purpose of this figure, the direct diagonalization of the dynamical matrix has been used instead of the spectral moment\'s method in order to have access to the eigen displacement vectors.

In the low-frequency range, each Raman spectrum is featured by a single peak assigned to the *E*~1*g*~, *E*~2*g*~, and *A*~1*g*~ radial modes of undoped (10, 10) tube in the *ZX*, *YX*, and *ZZ* polarization, respectively. A small downshift (3--5 cm^−1^) of the two last modes is observed when the nitrogen atoms are substituted in the tube, whereas the first one seems unaffected with the doping. For instance, *A*~1*g*~ of the undoped (10, 10) SWCNT shifts from 161 cm^−1^ in pure (10, 10) to 159 cm^−1^ in (10, 10) with 8% nitrogen concentration. The eigen displacement vectors displayed in [Figure 3(b)](#fig3){ref-type="fig"} show that this mode has the characteristic of the radial breathing mode (RBM): all carbon and nitrogen atoms move in phase in the radial direction, and the mode is fully symmetric. Similarly, the *E*~2*g*~ mode of undoped (10, 10) tube downshifts to 349 cm^−1^ in *N*-doped tube ([Figure 2](#fig2){ref-type="fig"}) and corresponds to a mixing of tangential and radial displacement of *C* and *N* atoms ([Figure 3(c)](#fig3){ref-type="fig"}). The line centered at 105 cm^−1^ is a longitudinal mode as seen in [Figure 3(a)](#fig3){ref-type="fig"}.

In the intermediate region, which corresponds to the location of the *D*-band in SWCNTs, no mode is observed in undoped tube for the three types of polarization. In contrast, this region shows, as illustrated by [Figure 2](#fig2){ref-type="fig"}, a very complex multiband structure with the doping as several lines can be evidenced whatever the polarization. In the *ZZ* and *YX* polarizations, the spectra of *N*-doped (10, 10) tube are dominated by three broad bands near 1240, 1320, and 1340 cm^−1^.

In the high-frequency range, the Raman spectra of the undoped (10, 10) tube are dominated by a strong Raman line whatever the polarization. This line is called the *G*-band in the literature. It is located at 1594 (*E*~1*g*~), 1601 cm^−1^ (*E*~2*g*~), and 1598 (*A*~1*g*~), in the *ZX*, *YX*, and *ZZ* polarization, respectively. With the nitrogen doping, our calculations state that, in comparison with the undoped tube, the profile of these lines are broader, and their positions show a significant downshift (∼10 cm^−1^), and they are, respectively, around 1578, 1592, and 1588 cm^−1^ in the (10, 10) *N*-SWCNT with 8% *N*. Concerning the atomic motions, atoms vibrate along the tangential (resp., longitudinal) direction for the mode centered at 1578 (resp., 1592) cm^−1^ (Figures [3(d)](#fig3){ref-type="fig"} and [3(f)](#fig3){ref-type="fig"}). The mode centered at 1588 cm^−1^ is a totally symmetric tangential mode ([Figure 3(e)](#fig3){ref-type="fig"}) similar to the *A*~1*g*~ mode in the undoped tube. The study of the chirality dependence in the high-frequency region should be promising to investigate properties where lattice effects are more pronounced.

3.2. Chirality Effect {#sec3.2}
---------------------

The chirality dependence of the Raman spectra have been calculated on an infinite *N*-SWCNT with 6% nitrogen dopant and considering five values of the chiral angle *θ* = 0, 8 15, 20, and 30°. These angles are associated to (17, 0), (17, 3), (14, 5), (14, 7), and (10, 10) nanotubes, respectively. Calculated spectra are shown in [Figure 4](#fig4){ref-type="fig"} within the tangential modes region and for a *ZZ*, *ZX*, and *YX* polarization. Similarly to our previous calculations on undoped SWCNTs \[[@B39]\], we found that the tangential modes are especially the most sensitive to the chirality, while the low-frequency modes are mainly sensitive to the tube diameter.

We observe that the *ZZ*- and *YX*-polarized Raman spectra in the zigzag *N*-SWCNT (*θ*=0°) are dominated by a single band with a complex multistructure centered in the 1590 cm^−1^ and 1568 cm^−1^, respectively. The increase of the chirality from 0 to 30° leads to the appearance of a second band, with also a complex multistructure, at a frequency higher than that of the first one. For instance, this band is centered around 1600 cm^−1^ in the both polarizations. In the *ZX* polarization, the tangential armchair and zigzag tubes are characterized by three lines located around 1587, 1600, and 1609 cm^−1^. These lines change in intensity and overlap, leading to a large band centered around 1590 cm^−1^ in achiral tubes.

3.3. Diameter and Doping Concentration Dependence {#sec3.3}
-------------------------------------------------

In real doped carbon nanotube samples, the exact degrees of nitrogen concentration ranges are not really known, but it can range up to 10%. Thus, we tried to derive a model to estimate this concentration from Raman spectra. However, using the SMM, we are not able to calculate the dependence of the absolute intensity of each mode with the excitation energies as we combine here the spectral moment\'s method and the nonresonant bond polarizability model.

We considered armchair and zigzag *N*-SWCNT whose diameters vary up to 6 nm. For each diameter, the low-frequency Raman lines have been calculated as a function of the nitrogen doping concentration. We focus on the *ZZ*-polarized Raman spectrum ([Figure 2](#fig2){ref-type="fig"}). The spectra were calculated for nine values of the nitrogen concentration, and the integrated intensity ratio between the *G*-band located around 1590 cm^−1^ (*I*~*G*~) and the *D*-band located around 1340 cm^−1^ (*I*~*D*~) is calculated. The obtained *I*~*D*~/*I*~*G*~ ratio as function of the nitrogen concentration in *N*-(10, 10) nanotube is displayed in [Figure 5](#fig5){ref-type="fig"}. As expected, it is obvious that the increase of nitrogen atoms in carbon nanotube causes an increase of the *I*~*D*~/*I*~*G*~ ratio. This suggests a possible loss of ordering accruing in the nanotube surface as more nitrogen is substituted into the carbon nanotube. This behavior of the *I*~*D*~/*I*~*G*~ ratio with the increase of nitrogen concentration is consistent with the observations of Stephen and Ariharan \[[@B36], [@B61]\].

We have also investigated the dependence of some specific Raman active modes of *N*-SWCNTs as a function of the diameter of the nanotube. The dependencies of the frequencies of these modes as a function of the diameter are similar to those found in undoped SWCNTs \[[@B39]\]. We already reported that the low-frequency modes (lower than 500 cm^−1^) are the most influenced mode by the nanotube diameter especially the RBM mode. This mode is the most appropriate for extracting structural and dynamical information of SWCNTs.

We have previously found \[[@B3], [@B39]\], using the bond polarizability model combined with the spectral moments method, a relation between diameter (*D*) and RBM frequency (*ω*): *ω*=*A*/*D* for isolated undoped nanotubes \[[@B62]\] (doping concentration *τ*=0%), where the parameter *A*=217; 146 and 484 nm. cm^−1^ for RBM, *E*~1*g*~ and *E*~2*g*~, respectively.

[Figure 6](#fig6){ref-type="fig"} shows the evolution of RBM, *E*~1~ and *E*~2~ modes\' frequencies as a function of diameter (1.35--4 nm) for a doping concentration *τ* ranging from 0 to 8%. Globally, and for a given polarization, the dependence on the mode frequencies is similar with diameter. For the three modes, the evolution of the Raman active modes in undoped SWCNT is qualitatively the same as those in N-SWCNT (*τ*\>0%): their frequencies decreases with the tube diameters\' increase. In contrast with the significant dependence of the Raman modes frequencies with tube diameter, the lines are slightly dependent on the nitrogen concentration, and all Raman modes downshift when the nitrogen concentration increases. We found that, for each nitrogen concentration, the frequency of these modes follows a law in *A*/*D*. The calculated *A*-parameter values are listed in [Table 3](#tab3){ref-type="table"} for four values of nitrogen concentration *τ*=2,4,6, and 8%.

Then, the evolution of the calculated *A*-parameter values as a function of nitrogen concentration is displayed in [Figure 7](#fig7){ref-type="fig"} for the three Raman lines below 350 cm^−1^: RBM, *E*~1*g*~ and *E*~2*g*~. From these results, we get a phenomenological relation between the diameter *D*, the doping concentration *τ* and the frequency of the RBM-like mode according to: *ω*=(*A* − *C*.*τ*)/*D*, where the *A* and *C* parameters are listed in [Table 4](#tab4){ref-type="table"}. We highlight that this equation could be useful to estimate the diameter and the nitrogen concentration in N-SWCNTs from the experimental Raman spectra.

4. Conclusion {#sec4}
=============

In this paper, we have first computed the polarized Raman spectra in *N*-SWCNTs as a function of their diameter and chirality. The most significant changes of the Raman spectrum occur in the high-frequency range, which indicates the effect of the doping. Then, the study according to the nitrogen concentration allowed us to make the ratio of the integrated intensities for *D* and *G* bands as a function of doping rate. We derived a phenomenological equation describing the diameter dependence on the radial low-frequency Raman modes below 500 cm^−1^. The latter region is also especially sensitive to the tube diameter and the nitrogen doping concentration. We found that the behavior of the RBM mode with the tube diameter was clearly modified in *N*-SWCNT. This involves that the linear relation between the RBM frequency and the inverse of the tube diameter found in undoped SWCNT has to be modified in the case of *N*-doped SWCNTs sample. Finally, we think that the calculated Raman spectra reported in the present work can be useful to understand Raman data and estimate the nitrogen concentration.

This work was done in the context of university research and benefits from funding that the university generally gives to research laboratories.
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![Geometric structure of direct substitution of six nitrogen atoms into the carbon atoms in *C*~94~*N*~6~.](TSWJ2020-1409581.001){#fig1}

![Raman spectra in (10, 10) *N*-SWCNT as a function of the nitrogen concentration (in %) calculated for a *ZX* (top), *YX* (middle), and *ZZ* (bottom) polarization. All the spectra are displayed with the same intensity scale.](TSWJ2020-1409581.002){#fig2}

![Calculated atomic motions (eigen displacement vectors) in (10, 10) *N*-SWCNT with 8% nitrogen dopant. Arrows are proportional to the amplitude of the atomic motions, (a) 105 cm^−1^, (b) 159 cm^−1^, (c) 349 cm^−1^, (d) 1578 cm^−1^, (e) 1588 cm^−1^, and (f) 1592 cm^−1^.](TSWJ2020-1409581.003){#fig3}

![Chirality dependence of *N*-SWCNT with 6% nitrogen dopant on polarized Raman spectra.](TSWJ2020-1409581.004){#fig4}

![Integrated intensity ratio, *I*~*D*~/*I*~*G*~, as a function of nitrogen concentration.](TSWJ2020-1409581.005){#fig5}

![Calculated frequency dependence of the radial *A*~1~, *E*~1~, and *E*~2~ modes as function of nitrogen concentration (0 ≤ *τ* ≤ 8%) and tube diameter (1.35 ≤ *D* ≤ 4.00 nm) in armchair *N*-SWCNTs.](TSWJ2020-1409581.006){#fig6}

![Dependence of the parameter *A* as a function of the doping concentration *τ*.](TSWJ2020-1409581.007){#fig7}

###### 

Optimized force constants according to the nomenclature given by Saito (×10^4^ dyn/cm).

  Radial                             Tangential                        
  ---------------------------------- --------------------------------- --------------------------------
  *ϕ* ~*r*~ ^1(*C*\ −\ *C*)^=360     *ϕ* ~ti~ ^1(*C*\ −\ *C*)^=240     *ϕ* ~to~ ^1(*C*\ −\ *C*)^=92
  *ϕ* ~*r*~ ^1(*C*\ −\ *N*)^=315     *ϕ* ~ti~ ^1(*C*\ −\ *N*)^=172     *ϕ* ~to~ ^1(*C*\ −\ *N*)^=74
  *ϕ* ~*r*~ ^2(*C*\ −\ *C*)^=90      *ϕ* ~ti~ ^2(*C*\ −\ *C*)^=−56     *ϕ* ~to~ ^2(*C*\ −\ *C*)^=−6.6
  *ϕ* ~*r*~ ^2(*C*\ −\ *N*)^=102     *ϕ* ~ti~ ^2(*C*\ −\ *N*)^=−41     *ϕ* ~to~ ^2(*C*\ −\ *N*)^=−4.8
  *ϕ* ~*r*~ ^3(*C*\ −\ *C*)^=35.1    *ϕ* ~ti~ ^3(*C*\ −\ *C*)^=−24.4   *ϕ* ~to~ ^3(*C*\ −\ *C*)^=2.7
  *ϕ* ~*r*~ ^3(*C*\ −\ *N*)^=−27.5   *ϕ* ~ti~ ^3(*C*\ −\ *N*)^=15.9    *ϕ* ~to~ ^3(*C*\ −\ *N*)^=−1.5
  *ϕ* ~*r*~ ^4(*C*\ −\ *C*)^=−22.4   *ϕ* ~ti~ ^4(*C*\ −\ *C*)^=19.3    *ϕ* ~to~ ^4(*C*\ −\ *C*)^=−5.6
  *ϕ* ~*r*~ ^4(*C*\ −\ *N*)^=−16.9   *ϕ* ~ti~ ^4(*C*\ −\ *N*)^=18.9    *ϕ* ~to~ ^4(*C*\ −\ *N*)^=−9.7

###### 

Optimized bond polarizability parameters of adjusted model for each type of bond.

  Bond      $\overline{\alpha}\left( Å^{2} \right)$   $\overline{\beta}\left( Å^{2} \right)$   $\overline{\gamma}\left( Å^{3} \right)$
  --------- ----------------------------------------- ---------------------------------------- -----------------------------------------
  *C*-*C*   4.7                                       4                                        0.04
  *C*-*N*   −6.53                                     0.9                                      0.55

###### 

Values of the *A*-parameter (in nm. cm^−1^) as function of the nitrogen concentration *τ*.

  *τ*(%)   2         4         6         4                                                                               
  -------- --------- --------- --------- --------- --------- --------- --------- --------- --------- --------- --------- ---------
  Mode     *A* ~1~   *E* ~1~   *E* ~2~   *A* ~1~   *E* ~1~   *E* ~2~   *A* ~1~   *E* ~1~   *E* ~2~   *A* ~1~   *E* ~1~   *E* ~2~
  *A*      218.5     141.3     482.1     217.9     140.8     478.6     217       140.4     476.9     216.4     140.1     473.5

###### 

Values of the *A* and *C* parameters according to *ω*=(*A* − *C*.*τ*)/*D* low.

  Mode               *A* ~1~   *E* ~1~   *E* ~2~
  ------------------ --------- --------- ---------
  *A* (nm. cm^−1^)   219.15    141.7     484.54
  *C* (nm. cm^−1^)   0.34      0.26      1.35
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